The evaluation of the immunogenicity of Sabin strain based Inactivated Poliovirus Vaccines (sIPV) necessitates the use of wild strains in neutralization assays to assess the potential cross-reactivity of antibodies. The live virus strains including wild and Sabin strains must be handled in level 3 biocontainment laboratories. To develop an alternative assay without the use of a live virus, we constructed Mahoney, MEF-1, and Saukett pseudovirions by inserting luciferase reporter genes into intact capsid proteins. Afterward, we developed a pseudovirus-based neutralization test (pNT) and evaluated for the specificity and reproducibility. We tested serum samples from a clinical trial on sIPV vaccines by pNT and compared the results with those obtained from conventional neutralization tests (cNT). A strong correlation was observed between two methods, with the correlation coefficients of all three types of IPV vaccines being greater than 0.82 (p < 0.0001). The Geometric Mean Titer (GMT) values obtained by pNT were approximately four times higher than that by cNT, revealing the better sensitivity of pNT. In conclusion, pNT is a safe, rapid and sensitive quantitative assay with the potential of being an alternative for the evaluation of the potency of polio vaccines.
Introduction
Poliomyelitis, caused by poliovirus, is an acute infectious disease that may lead to the acute flaccid paralysis in children. An enterovirus of the family Picornaviridae, poliovirus has three serotypes. The positive-sense, single-stranded RNA genome is comprised of a single open reading frame flanked by a 5ʹUTR region and a 3ʹpoly(A) tail. After its entry into the host cell, the virus employs cellular mechanisms to translate the polyprotein. The polyprotein is initially cleaved by the viral proteases such as 2A pro and 3C pro into P1, P2, and P3 proteins, with P1 protein being further cleaved into VP1-VP4 capsid proteins, whereas P2 and P3 into functional proteins for viral replication and packaging. 1, 2 Live attenuated oral poliovirus vaccine (OPV, made with attenuated strains) has served as the primary tool to eradicate polio worldwide. However, the vaccine has the potential to result in rare adverse cases of vaccine-associated paralytic poliomyelitis (VAPP) and circulating vaccine-derived polioviruses (cVDPVs), which have become the major concern. According to WHO report, the global annual burden of VAPP is estimated at about 500 cases and total 96 cases of cVDPV occurred in the world last year. 3, 4 Even in highincome countries with all inactivated poliomyelitis vaccine (IPV, made with wild strains) immunization schedule, VAPP risks remain; Foiadelli et al. reported the first VAPP case in an immunodeficient infant detected in Albania, which was later confirmed to be a Sabin-like strain in Italy. 5 Clearly, phasing out OPV vaccination eventually is currently on the agenda by the international community. The World Health Organization (WHO) has set the goal of global polio eradication by 2018. For those countries still using the live vaccines, the previous trivalent oral polio vaccine (tOPV) was replaced by the bivalent vaccine (bOPV) in the routine immunization program, along with the introduction of at least one dose of the inactivated polio vaccine (IPV). [6] [7] [8] [9] [10] Given that wild type virus must be handled in level 3 biocontainment laboratories, WHO encourages the development of novel polio vaccines such as IPV based on the attenuated Sabin strains (sIPV). 11 The first sIPV combined with DTaP was approved in Japan in 2012. China approved the stand-alone sIPV the following year, with ongoing development in more manufacturers. 12 The traditional IPV is derived from the wild virus strains (wIPV), mostly Mahoney, MEF-1, and Saukett for type 1, 2 and 3. During clinical evaluation of sIPV vaccine, it is important to determine the cross-protection of the vaccine against the wild virus, which is achieved by carrying out a neutralizing assay using wild-type virus strains (wt virus). However, the wt virus-based neutralizing assay poses a challenge to most OPV vaccine producers, since they are routinely operating the attenuated Sabin strains. In addition to vaccine evaluation in clinical trials, the neutralization test needs to be used in the quality control of IPV, i.e. potency test of final vaccine bulks in rats. Clearly, the use of the wt virus not only presents safety issues to the operators but also potentially results in environmental contamination. Indeed, WHO recommends that tight biosafety measures be taken to prevent leakage of live poliovirus. 13 Therefore, it would be desirable to develop new assays in which no live wt virus would be used. 9 Pseudoviruses are virus-like particles which can replicate for one cycle and are, therefore, considered to have no or minimal biosafety concerns. In recent years, pseudoviruses have been used in place of some wt viruses in neutralizing assays which otherwise must be conducted in level-3 biocontainment laboratories. These viruses include SARS-CoV, H7N9, and MERS. [14] [15] [16] In this study, three pseudoviruses for wild Mahoney, MEF-1, and Saukett strains were constructed and used to develop a neutralization test in place of wt viruses. Here, we report that the new assay is superior to the traditional assays in terms of reproducibility and sensitivity; it could be a viable alternative neutralizing assay for potency analyses of polio vaccines.
Results

Construction and characterization of polio pseudoviruses
The polio pseudoviruses investigated in this study include Mahoney, MEF-1, and Saukett types, all of which were generated by transfection with vectors of their respective capsid proteins and replicon RNA.
As shown in Figure 2a , 293FT cells transfected with capsid protein vectors demonstrated apparent green fluorescence, indicating successful expression of the proteins. Harvested pseudoviruses were concentrated 50 times through ultrafiltration, and VP1 expression analyzed using western blotting (Figure 2b ). The clear bands corresponding to VP1 (approximately 33kDa) in pseudovirus samples across different serotypes (lane 2) were observed as well as in the positive control, which as the sIPV monovalent bulks (lane 1). However, the molecular weight of the pseudo-Mahoney VP1 protein is visibly larger than that of the positive control as shown in Western blot. At this time we were unable to explain the observation. However, given the gene sequences have been verified and antigenicity confirmed, the difference in molecular weight is likely due to the cell substrates Figure 1 . Schematic view of PV capsid expression vector, replicon RNA， and the production of pseudovirus in 293FT cells. 293FT cells were first transfected with the pcDNA6.0-P1-EGFP plasmid to express P1 proteins, followed by transfection with the replicon RNA. As an encapsulated gene fragment, replicon RNA serves as a template for the synthesis of P2 and P3 proteins, whereas the 2A pro protease releases EGFP and luciferase and cleaves P1 into VP1-VP4 capsid proteins to facilitate pseudoviral packaging.
used to propagate the virus. Transmission electron microscopy analysis revealed that the morphological characteristics of pseudovirus particles across all serotypes resembled those of the true virus (20-30nm) , suggesting that pseudoviruses were successfully packaged in the 293FT cells (Figure 2c ).
In addition, we conducted separate neutralization tests using the mouse sera immunized with monovalent vaccines. As shown in Figure 2d , pseudoviruses were neutralized by the corresponding serum type. For the titration of pseudoviruses, a relative light unit (RLU) value two times greater than the value of the cell control was considered as positive. Based on these criteria, virus titers of Mahoney, MEF-1, and Saukett pseudoviruses prepared in this study were determined to be 1.3 × 10 7 , 2.6 × 10 6 , and 1.7 × 10-6 CCID 50 /mL, respectively.
Development of pseudovirus neutralization assay
The determination of serum titers during the pseudovirus neutralization assay was based on the end-point determination;
17 specifically, it is the inverse of the highest serum dilution that inhibits 50% of infection. We first determined the linearity range of pseudovirus infection. As shown in Figure 3a , a linear response was observed with the use of the viruses between 50 and 1,600CCID 50 /50μL. Given the cell growth condition, 100CCID 50 /50μL was chosen as the amount for virus used in pNT.
As expected, luciferase activities in pseudovirus-infected RD cells were found to increase over time. As shown in Figure 3b , RLU values for pseudoviruses Mahoney and MEF-1 reached to the plateau at 8h, while it took 14h for pseudovirus Saukett achieving the same level, with the signal after that time remaining relatively Increasing intensity of the fluorescent signal was observed over time, with a plateau being observed after 8h for pseudo-Mahoney and pseudo-MEF-1 respectively, while it took 14h for pseudo-Saukett to reach the plateau, with each time point depicting average values from eight wells (replicates). Therefore, 12h was chosen for the final RLU readout for all three serotypes. Table 1 . Primers for the construction of pseudovirus.
Primers for EGFP-P1 fusion (Figure 3b ). Therefore, we chose 12h of infection as the final RLU readout for all three viruses and established our final pseudovirus neutralization test procedures.
The reproducibility of pNT
Serum samples with the high, medium, and low titers were used to evaluate the reproducibility of established pNT. Each sample was tested six times (Table 2 ). In our results, all serum titer changes were found to be within a two-fold range for 3 types and the CV values were 3.31-6.20% for pseudoMahoney, 6.20-8.81% for pseudo-MEF-1 and 3.03-7.00% for pseudo-Saukett, respectively, indicating the high reproducibility of the neutralization test based on pseudoviruses.
Comparison between pnt and cNT
To determine the correlation between pNT and conventional neutralization assay cNT, 120 post-vaccination serum samples from phase II clinical trials of sIPV vaccines were selected by taking into the account of the distribution of antibody titers within each group (see section 2.1). We compared the pNT results with those generated with cNT,in which wt viruses were used,by spearman correlation statistical analysis. As shown in Similar values of Geometric Mean Titer (GMT) distribution across different immunization groups was found between pNT and cNT ( Table 3) . As expected, GMT values in wIPV serum group were higher than those obtained from sIPV and OPV groups, given antibodies from wIPV vaccine group were matched with the wt antigens, whereas sIPV and OPV vaccines were derived from Sabin strain which should be different from the test antigen. It is of note that regardless of the method used, the results from the sIPV group were lower than those from the other two groups. Since the sIPV group was sera from humans immunized with high, middle, and low doses, the data presented for this group serves only for the purpose of comparison of testing methods and does not represent true values of immunogenicity of this group.
Interestingly, the results of pNT from different immunization groups were significantly higher than those of cNT by about four-fold，suggesting that the pNT method presented here may be more sensitive than traditional methods.
Discussion
According to requirements outlined in ref. 8 , traditional wIPV vaccines should be used as reference vaccines in sIPV vaccine clinical trials. 8 As a result, separate neutralization tests should be conducted using Sabin strains and wild strains for the evaluation of immunogenicity since the use of two strains would allow evaluation of vaccineinduced cross-reactivity. According to GAPIII requirements, neutralization tests with wild strains must be tightly regulated and conducted in level 3 biocontainment laboratories (BSL-3). 10, 13, 18 In this study, we constructed three types of pseudoviruses to replace the wild poliovirus strains in the neutralization method, making it unnecessary to conduct the neutralizing assay at the BLS-3 laboratory.
Liu et al. have developed neutralization assay based on pseudovirus originated from Sabin strains with replicons based on the same origin 19 , while Arita et al. developed three serotypes of pseudovirus based on wild-strain, which involved a replicon based on Mahoney virus that has a firefly luciferase gene instead of the capsid coding region. 20 Notably, as the Sabin strain is safer to use, we use the functional gene of the attenuated Sabin2 strain to build a replicon for the Mahoney, MEF-1 and Saukett pseudovirus clones. We found that the structure of the pseudovirus produced by the capsid protein of different wild strains packaging the replicon is correct and the titer meets the experimental requirements. As such, employing the same replicon facilitated the speedier establishment of different type pNT experiment. Different criteria for endpoint calculation were reported when pNT assay was used for the determination of antibody titer. In most reports, RLU threshold values are set as the decrease in RLU by half. [21] [22] [23] [24] Similar criterion was used in this study because results from our three pseudoviruses were highly correlated with those of cNT method, with all correlation coefficients greater than 0.8. In our study, GMT detected using pNT method was approximately four times higher than that detected using cNT method. In addition, our laboratory also constructed Sabin2-based pseudovirus and observed the similar trend (unpublished data). Collectively, these results suggest that pNT established in this report is more sensitive than traditional neutralization assays and could be accurate for the analysis of weakly positive antisera. For example, a sensitive neutralizing assay would be better suited for potency test of sIPV vaccines currently conducted in rats, which usually produce weak antibody responses following immunization of type II of sIPV vaccine (data not shown).
It is of note that the sample size can be increased in order to further validate the pNT assay, which can be addressed in future studies. In summary, we have developed a pseudovirusbased neutralization assay without the use of the wt virus. It takes only one day to complete the assay whereas it takes 5-7 days to complete the traditional assay using the wt virus. This safe and sensitive assay could be a viable alternative approach to facilitate the development of polio vaccines.
Materials and methods
Cells, viruses, antibodies, and human serum samples
Human rhabdomyosarcoma(RD) cells and 293FT cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Gibco, code no.10100147) and 100U/mL penicillin-streptomycin (Gibco, code no.10378016) at 37°C and 4% CO 2 . The attenuated Sabin 2 poliovirus strain (GenBank accession number AY184220.1) was maintained in our lab. The wild capsid P1 cDNA sequences (Mahoney: GenBank accession no. V01149.1; MEF-1: GenBank accession no. AY238473.1; Saukett: GenBank accession no. L23847.1) were synthesized by Invitrogen Corporation (Beijing, China), while the pcDNA6.0 plasmid was also obtained from Invitrogen. Human serum samples from phase II clinical trials of sIPV vaccines were kindly provided by the Institute of Medical Biology, the Chinese Academy of Medical Sciences. Of the serum samples used in this study, samples #35, #37, and #47 are obtained from the immunization group of tOPV, wIPV, and sIPV, respectively.
Construction of capsid protein expression vectors for mahoney, MEF-1, and Saukett viruses
Construction of pseudoviruses was conducted as described by Arita et al., 20 with some modifications for capsid protein expression and replicon construction. In brief, the gene of capsid proteins for wild-type strain poliovirus Mahoney, MEF-1, and Saukett were fused to EGFP by using primers F EGFP+P1-Mahoney /R EGFP+P1-Mahoney , F EGFP+P1-MEF /R EGFP+P1-MEF , and F EGFP+P1-Saukett /R EGFP +P1-Saukett (see Table 1 ) to facilitate the detection of P1 protein expression. We also added cleavage sites of 2A pro protease between the two sequences ( Figure 1 ). As the expressed P1 proteins were cleaved into VP1-VP4 capsid proteins, the EGFP was also removed for appropriate pseudoviral packaging.
As the target gene sequences carrying the restriction sites of pcDNA6.0 vector (Invitrogen, code no.V22220), the infusion cloning methods were adopted to construct the expression vector. 25 For this purpose, primers F EGFP+P1-Mahoney-6.0 / R EGFP+P1-Mahoney-6.0 , F EGFP+P1-MEF-6.0 /R EGFP+P1-MEF-6.0 , and F EGFP+P1-Saukett-6.0 /R EGFP+P1-Saukett-6.0 (see Table 1 ) were designed to ligate the respective P1-EGFP fusion proteins with pcDNA6.0 vectors. The final recombinant pcDNA6.0-P1-EGFP plasmids were verified through DNA sequencing and subsequently used to transfect 293FT cells to express the capsid proteins for pseudovirus packaging.
Construction of RNA replicon
Unlike in previous studies, all pseudoviral packaging replicons used in this study were from the Sabin2 viral genome. For the purpose, the P1 fragment of Sabin2 genome was replaced by the luciferase gene, with the insertion of a 2A pro restriction site between luciferase and P2 fragments (Figure 1 ). In brief, Sabin2 viral genomic RNA was extracted and transcribed into cDNA; the sequences between 5ʹUTR and 3ʹtermini, i.e. from P2 to the end of the genome, were amplified through PCR and ligated into the pMD19T cloning vector, respectively (Takara, code no.D102A). Two plasmids were used as the templates for the following construction. The 5ʹUTR and luciferase gene were fused by PCR using primers F 5ʹUTROL /R 5ʹUTROL and F luciferaseOL /R luciferaseOL . Similarly, F 5ʹUTR+luciferase+3ʹend and R 5ʹUTR+luciferase+3ʹend primers were used to create a 5ʹUTR+ luciferase+ 3ʹend fusion fragment. This fragment was cloned into pGEM-T Easy Vector, which has T7 promotor for transcription in vitro, with primers F replicon and R replicon-polyA , in which a poly(A) tail was introduced at the 3ʹ-terminus of the fusion product to ensure its structural stability. 26 The primers used are also shown in Table 1 .
The constructed replicon DNA vector was linearized by SalI restriction enzyme digestion (NEB, code no.R3138); replicon RNA was obtained in vitro using RiboMAX large-scale RNA production Kit (Promega, code no.P1300) (Figure 1) . The resultant replicon RNA was purified by isopropanol precipitation and stored at −70°C for subsequent transfection.
Pseudoviruses preparation
Pseudoviral packaging was performed through sequential transfections of capsid protein expression vectors and replicon RNA into 293FT cells (Figure 1 ). In brief, 293FT cells were digested and plated in six-well plates at a density of 10 5 cells/ well and incubated at 37°C for 12h. 3μg pcDNA6.0-P1-EGFP vector was transfected according to the manual of lipo3000 transfection reagent (Invitrogen, code no.L3000015). The expression of fusion proteins was monitored under a fluorescence microscope 24h after transfection, followed by transfection of 3μg replicon RNA. 24h later, cell cultures were subjected to two freeze/thaw cycle and subsequently harvested. Cellular debris was removed by centrifugation at 1700 × g for 5 min, with the supernatant filtered using a 0.22μm membrane (PALL, code no.4612) and eventually stored at −70°C prior to use.
Identification of pseudoviruses
The harvested pseudovirus supernatant was loaded onto 10% Tris-glycine gels and separated by SDS-PAGE. The protein bands were then transferred onto a nitrocellulose membrane (Millipore, code no.HATF00010) which was subsequently blocked overnight at 4°C in PBST buffer containing 0.05% Tween-20 (Sigma, code no.P1379) and 5% skim milk (BD, code no.212300). The membranes were incubated with polyclonal rabbit anti-Mahoney or MEF-1 or Saukett antibodies at 25°C for 2h. After washing with PBST 3 times, the membrane was incubated with horseradish peroxidase(HRP)-conjugated antirabbit IgG (Sigma, code no.A6154) at 25°C for 1h. Then the membrane was washed with PBST 5 times, added the enhanced chemiluminescence (ECL) reagent (GE, item no. RPN2232) as the substrate, exposed for 1min and visualized with chemiluminescence imaging (Chemi Doc-it HR 410 Imaging System, UVP, America).
To further confirm the type specificity, the pseudoviruses were used to measure the neutralization titer of mouse sera, which were prepared by immunization with each type of vaccine bulks. Briefly, serum samples were first inactivated at 56°C for 30min and then serially diluted by two-fold in a 96-well fluorescence detection plate. Equal volumes(50μL) of pseudovirus containing 100CCID 50 were added and then incubated for 2h at 37°C
, followed by the addition of 100μL RD cell suspension at a density of 3 × 10 4 cells/well. The supernatants were discarded following 12h incubation at 37°C and 100μL of a pre-mixed chromogenic substrate (containing cell lysis buffer and luciferase substrate at a ratio of 1:1) was added to each well. The plates were briefly shaken to mix and placed at room temperature for 2 min before the RLU detection. Then the pseudovirus infection rates at different dilution point were calculated and compared.
Detection of pseudovirions using transmission electron microscopy
A total of 10 mL sample was collected from each pseudovirus type and ultra-centrifuged (Optima L-100 XP, Beckman Coulter, America) at 4°C and 40,000 × g for 2 h. The supernatant was discarded whereas the pellet was resuspended in 50μL PBS. 10μL samples were added to a copper mesh. After fixing in 1% osmium tetroxide, pseudovirions were observed under a transmission electron microscope (JEM-1220, JEOL Datum, America) at an accelerating voltage of 80kV and a magnification of 300,000 × .
Determination of pseudovirus titers
The titration of pseudoviruses was performed as described. 27 Pseudoviruses collected were serially diluted by five-fold from columns 1 to 11 in a 96-well plate (Costar, code no.3585) (eight wells per dilution, 100μL/well). Digested RD cells were then added at a density of 3 × 10 4 cells/100μL for each well, mixed, and incubated at 37°C for 12h. A total of the 100μL supernatant was discarded from each well and 100μL Bright-Glo Luciferase Assay reagents (Promega, code no.E2650) were added to each well. The plates were left in darkness for 2 min at room temperature; afterward, the 150μL mixture was transferred to a 96-well test plate (Costar, item no. 3610) for chemiluminescence detection (GloMax® Navigator, Promega, America). The RLU three times higher than those of the blank controls was considered to be positive, with virus titers determined using the Spearman-Karber method.
Optimization of pseudoviral infection dose and time
We used 50-1,600CCID 50 /50μL of pseudoviruses to infect RD cells(3 × 10 4 cells/well) seeded 12h earlier in the 96-well plates. After an additional incubation for 12h, RLUs(on a lg scale) were determined and plotted against their challenging amounts, while the titer value of different pseudovirus amounts was converted into lg form in order to better observe the linear relationship. The final challenging amount of pseudovirus for neutralization test (pNT) was chosen from those demonstrating a linear regression.
For time point determination, pseudoviruses were added at a volume of 50μL/well to the RD cell(3 × 10 4 cells/well) and incubated for 2-16h. The time at which RLU values reached the plateau was taken for final neutralization test. Finally, pseudoviral neutralization test procedures were optimized based on the amount of pseudovirus and time for RLU.
Pseudovirus based neutralization test (pNT)
Serum samples were first inactivated at 56°C for 30min and then diluted by eight-fold. For the neutralization test, they were serially diluted by two-fold in a 96-well fluorescence detection plate. Afterward, equal volumes(50μL) of pseudovirus containing 100CCID 50 were added and then incubated for 2h at 37°C, followed by the addition of 100μL RD cell suspension at a density of 3 × 10 4 cells/well. Each 96-well plate contained eight wells of cells and pseudovirus controls, respectively. The supernatants were discarded following 12h incubation at 37°C and 100μL of a pre-mixed chromogenic substrate (containing cell lysis buffer and luciferase substrate at a ratio of 1:1) was added to each well. The plates were briefly shaken to mix and placed at room temperature for 2 min before the RLU detection. The pseudovirus infection rates were calculated for each dilution (infection rate = [RLU serum − RLU cellcontrol ]/[RLU pseudoviral control − RLU cell control ] × 100%), where the highest serum dilution showing infection rates of less than 50% was determined as the neutralizing antibody titers. As additional controls, a viral back titration control and a serum quality control were also included in each run of the test.
To assess the reproducibility of our pseudoviral neutralization tests, we selected sera with high, medium, and low titers in the assay development, with each sample tested six times. The reproducibility of pNT assay was evaluated by calculating the coefficient of variation using Graph Pad Prism 5.0.
Determination of correlation between pNT and cNT
The results of cNT were obtained from the CDC laboratory in the United States, with neutralizing antibody titers against Mahoney, MEF-1, and Saukett strains were determined. Neutralizing antibody testing was performed using the WHO standard protocol. [27] [28] [29] Briefly, diluted serum was mixed with an equal volume of medium(50μL) containing 100CCID 50 of poliovirus in 96-well plates and incubated for 2h at 37°C, followed by the addition of 100μL of Hep-2 cell suspension (2 × 10 4 cells). After incubation for 5 days at 36°C, the cytopathic effect of viral infection was examined. The serum antibody titer is the highest dilution of serum that protects 50% of the culture against 100CCID 50 of a viral challenge using the Reed-Muench method. Results generated with pNT were compared with those obtained with cNT, with spearman correlation analysis performed using GraphPad Prism5.0 software.
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